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I. INTRODUCTION AND RATIONALE

Since high pressures influence any process which is accompanied by a change

in volume, it can be expected to exert significant effects on reactions that

are subject to changes in hydration and conformation. This is particularly true

for electrolyte binding to and transfer through biological membranes. It is

probably also true for non-electrolyte transport where carrier mediation and/or

simple diffusion may be expected to require formation of "free volume" pockets

within the membrane. High pressure perturbations are especially well-suited

for the elucidation of these events because their effects can be attributed

directly to changes in volume. Our long term objective is to investigate

effects of hydrostatic pressure on the physiology of the human erythrocyte

membrane in an effort to reveal fundamental mechanics of normal membrane struc-

ture and function. Accordingly, the results described in this report were

obtained in "gas free" systems and are attributable to hydrostatic pressure

alone.

We chose human red cells because they are the simplest and most abundant

cell system available. They are devoid of internal organelles and membrane

systems. They do not divide, synthesize protein or utilize oxygen. Their

simple metabolism (almost limited to glycolysis) is sluggish and easily con-

trolled. In contrast to giant cells (e.g., squid axons, algal cells), their

plasma membrane is directly exposed to the extracellular medium. Finally, it

is relatively easy to prepare isolated membranes and intact ghosts in quantity.

Despite these intracellular simplifications, the red cell has a fully functioning

cell membrane. It actively transports Na, K and Ca, and it has a facilitated

diffusion system for glucose, amino acids, nucleotides, urea, HC0 3 and Cl. Red

cell membranes respond to anesthetics in a manner similar to that of excitable

membranes and are currently used as model systems in drug studies.



2

II. ELECTROLYTES/POLAR PATHWAYS

Ionic reactions characteristically involve hydration volume changes so

that it is reasonable to expect a significant influence of pressure on electro-

lyte physiology. Accordingly, we have focused much of our attention on the

ubiquitous role of metal ions in regulation of membrane processes. Interactions

of cell membranes with Ca ions, for example, have been recognized as a requisite

for nerve and muscle excitation, as a mediator in excitation-secretion coupling,

as a trigger for muscle, ciliary and flagellar movements, and as an essential

component in cellular adhesion and aggregation. Although the regulatory role

of Ca in these events is established, the underlying physicochemical basis is not

apparent.

With respect to the red cell, it possesses a powerful Ca pump and Ca

activated actin and myosin-like proteins which play an important role in the

maintenance of cell shape. Further, the K permeability of red cells is controlled

by intracellular Ca and similar K channels (under similar control) have been

identified in other cells. Finally, changes in Ca transport are implicated in

red cell maturation, in sickle cell disease, and in microcytic spherocytosis.

A. Methods

Potassium fluxes were measured by suspending normal red cells in an iso-

tonic buffered medium, containing either NaCl or NaCl + sucrose, and following

changes in the K+ content of medium. In some instances (NaCl medium) K+ was

measured directly with a K+ electrode after the cells had been exposed to high

pressures. In other instances (NaCl + sucrose), the K+ content of the medium

was estimated continuously during exposure to pressure through measurements of

electrical conductivity. (In these cases the dominant electrolyte gradient

favors KCl exit from the cell; as a result, changes in medium conductivity are

almost entirely due to KCl efflux.)
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B. Influence of Pressure on Potassium Permeability of the Normal Cell

Figure 1 shows a plot of K+ flux vs pressure spanning a range of 1 to 1000

atm. obtained when normal cells are allowed to release their K contents into K

free isotonic media. The results are plotted on a logarithmic scale, and are

normalized to results at 1 atm. pressure. This facilitates computation of acti-

vation volumes and allows the results to be compared with similar measurements

under different conditions. Figure I indicates that effects of pressure on

normal K+ flux increases dramatically with pressure in regions beyond 6000 psi.

Although pressure also increases the free K+ mobility in water, the sensitivity

to pressure is much larger in the membrane than in water (this is also true

for activation energies). Thus even if K+ is moving through a simple water-

filled channel, there must be considerable interaction with the membrane.

C. Influence of High Pressure on Butanol Induced Cation Leakage

Potassium leakage in the presence of 227 mM butanol as a function of pres-

sure is shown in Figure 2. the data is normalized as in Figure 1, however, it

should be noted that the absolute flux value obtained in this butanol treatment

is an order of magnitude greater than the normal leak. The most striking fea-

ture is the very low pressure dependence below 6000 psi which increases preci-

pitously beyond that point. Note that in contrast to normal K leakage, butanol

induced leakage is inhibited by pressure.

In high concentrations of n-butanol, we expect the membrane to be excep-

tionally swollen with anesthetic, an apparent large A V above 8000 psi

suggests that swelling is compensated at this pressure; the membrane is restored

toward its oriqinal volume which is reflected by the decrease in cation leakage.

D. The Ca Induced K+ Leakage (the Gardos Effect)

In order to initiate the Gardos Effect (Lew and Ferreira, 1977), Ca (or
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somts othcr divalecnt caition) :-mnst Ie introln!kce't to the cell interior. !'hi,; i s

commonly aicco'mn i shedo( IrY usi nj thr, Ca ionop!'oro ,- 231:17 , inm 1 ,,o' havo fol lw'

that proce 15 Thi.s i ut rcm.!oc,'s rl in ira 1 comiI i r,,t ion hauet "A, A-2 3 1117

me i .i tod -a V rar.:sr t nroeos is;, verm. Flst a nit !cau]Se Very o47ia-manV

intern il free C'a are rcoj-uirod for a fullyv activ'atel a ic effort. T 1,!or

thoese con.!it insf, it i!; anl jkel t hat -'a trans port 1hocorose- rate i m i .'h

Carlos effect , th1,en, heci ns wi t)- in torna 1"'a react i nt with!,.m imemlhr inc tO:t

andjnvolv!'; at loeas t three steps:

1 . iniin, st(-n: Cai" +- Ca

2. maissto!n: K ch-Innel (closedo() ?!hanI)o:-

channel ( ~n
3. Tr tis sort, -;toim: t

Any, or all, of the above coul!i cont ri it- et0 thepr1ur10 nec shiown in

i'iure 3. howver lat o;rle'oei heolaccsme, tmt: th"E o smrvol'! Pe I

enICe( it !n0t dUo to Stop 3, h transport )I o 1+.

Fi ]uro 4A posent! Jat-a on the alhillity of a nm!.he r of- di! ferent liivi ;1'st:

catt- ions to nuhest itote for (a"' in tnrohr cini thle are ffect . Datai it, o hon

at tw..o different pros-mores (1 anT'!le 000 'Ind is ar-ram.'A in ordier of n-ea; .

crys tal ionic radii (-lecrocasinq hydirated nh i)fl The m-ct trikiAn. ,-eaturo isz

that a*: 1 atn-. , the, overall of foct peal-.- at -a a nd! ap..oarts to fall oi-

vmonoton icalIly as- the ionic rad i uc is either ice .!o ce 'vnIo

below the radios; for ca. Clearly ionic r-adii rTay an1 11'~ ntvli the0

overall C 0rls ffect at I at;-m. ;however, s,-hk'n proc-sure m l: ioti :;j -!

di-!mno o n Oi onic radius 12- no0 1 on~jr ansavient . 1hat aauayimisc"'I;a I

by t1;. falct that ths Car11los oi-fect is; vollpri.Sel I o at 1' sVI i osr'es

(blidslir, qat iii;, ,u.ttnmmut).1'sxoa;1'ntltll \iX'rt I'CIt 10:
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IE~!2LD TO FIGURE -1

This bar grat-h shows the avera~l,.4 K' flux is. . .duccc by

1 mM amounts of various divalent catioi.s trans!o-tt.. r.t:, t .e huran red

cell by the ionophore A23187. 15000 T.si prec_-sur - was i: lit.3 to I,Z the

samole after the flux was initiated, ti., remaiin.cr was _.<i fcr an atmrs-

p-heric pressure control.

Gra'-h A shows the flux induced by each divaient cat-,:: alo:-c (oen bar)

and its response to pressure (hatched bar). The divalent caticons are arranged

on the horizontal axis in order of increasing crystal ionic radii which is

the order of decrea'sing hydrated radii. Graph B shows the flux induced by

1 ,,M Ca olus 1 m M each of seven other divalent cations. Ilatch bars indi-

cate the flux for each comj etitive system under 15000 psi pressure and oplen

bars show the flux for each system at atmospheric pressure.
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by A23 1P7 is; ranid, we can eliminate tranfsvort f'rom consi eriti on ai;, fol ovs:

If the eff-ct- of irersur- on the Gard!os effect result onmnyfrom the

transnort s t-p rather? t han hin si n~j or qatin q, we woul!e x ,), X~C t tse + f lux

stimnulatted by each divalent cition to ho ro'iuced hv a cnneFO-nt isorcentajeo wn

expos..! to l1 I) atm. t'i -U re 11A 11'S t hisace l'rt t cao i f th10 3j ta

reflects the transport sten at all, it iiust 1.)e in some coh!ina~t-ion wit!, the

othler processes.

('om,,-ti tion stud!ies show,.n in Picrure -413 ar- -iore a nstructive because they

refer to the hin-dinj site Only. VMe restrict our attention to Ca, Mo(, Pa, and

r , because the possil te solectiv.itv seoc Of these-, ion-,I liv heen i nter'roteI

in termis of the eloctric field Fstronqth of the ion hindino site9 touJetlor with

conS ieratol; 1110f hr tdand n--ked ion ic radii (13i aondi and ri ht,1 '30

In par i cular for these four catins, thecre ar,? 4! = 24 nossihie per.-utations

Or So-menWTcos. of ths se, oni.', neven se-uenc(-s (known as F;heLrry s;emoncos) occur

natural lv wit". inv frexiencv.

-1"r 4 shows that of the throe ions, 7 1,12+ co-nretes the most for C +

tin Pa2+, and finially 0r 2 +, withj Ca?2+ hemin the, mot preferred of all1. r.h i C

sorieince Ca 2 + > + > Pa2 + > .3r2 ± is Shorry Zeoence V. 15,30 p si dloes not

a .1t e this seoruence. '71is indicate s that probabldy in the intact membra-ne t) -

h inliou !sites do not mlove vteiy m~uch closer to~lethe r If t iey did,' we would1c

e>:noct to find~ a shift toward fleqwonce VI wh ich i a not I hle case at all. A1,t

1000 atm presure, it is most likely! that a fair almoulnt Of theQ struturi wate

a round theo ions ms-,! 1he col lapsed and yet this has no offect on the hi rid Iio

sc!eelne CR ilolsky' , 956; 3os.iane 1972; cuddehack ct al , 10753) . ':' 2

ind!icat-os th it t-eionicr radii are of llrodotrlint in-noltance 17or tho Iin !Iiin3.

T. oon;e C'a MTIi i i e

1)' hayj' ulse! I l'i f 1Ioesec (If cho 1 erotet racx'cline(' oe1 ,1'7



Hal le tt ot a 1.,1 7 2 ) isa a prob for th'j- riem!ran'' (1 1 ip id hon'1 ca lc ium. T he

pres!cokre effect on the- -i ndincj was studliedi over th- proessure ran,,et 0-6000 pi

in the fluorc_;cerico sn-ctrophoto'netcr in the sno'cial ly construct'1 clivtte

showin in - jure, 5. *:e1tsi lus;trto in fiyuro C, show almost nso ch!an,,, in

the !:in liqo 'Itdi, ln~ prot ion of the mehaeuilt r '6000 ps i. The

loose bjndin _ ;constanit. calculates to he 2m1 r.'hic with literature

valuoes -- c. f. 'rollberj andI *Iacey, 1972) for all prtcssur -3 in the calcium concen-

traltion rainge .25-1.9m,".

The( lon,3o Iindling of' calcium- to theI, rnnrIehaeen attribute'! to theO

weak electric attraction provided byv various contriblutions to the 'embrane

surface ch.a-rge. Tho main co~itribution cones frmthe limid phosnliatp heao

gIroups (Soeie t al. , 1Q)7H).

At t_,000 psi , hofore th onset of any Phase transition, we woul I not oxnect

any ciianoeit in fieldI fstre nqth IuQ to coiiprensqion of tho memb)ran.e. Johinson ot al.

1')7'3) found the, comoss ilhilitv of a nTo mi-hletrlmombrane to 1hc

2.5 x 10U ' at.-m- 1 which cacltsto a chiange in linear Jist incc of <.3 at .100

a tmn. T.he lamenst romresibilitv is found in n-dode1canel (,Ctter -t al ., 185,1)

which gives. a I ineair chanoe of 1 .2g. at 400 atm and 371C. Fromi this we woiild

expeoct a chan,]e in fieold strenith to he of the order of 117 at most in the P7C

rne:ibrane.

Thusn the res-ults conformn to expectitionn; based on el ectrestitic fiold

strentgth and omrsi it'.There is a np:rontIy no hiydra tion chansue acne-

c iitcmd with thi1s loos;e binding of cal ci u:1. A similar t ihvoeo. ino toerb ii nc

(:~i.'.eL~n a. Illach , 10741, 1176) C0old beUSe'. to)ztd the' hi qh afficii t"

teS jh I h pren;tir-ably woo 11 shlow strno ar np i ct'andl qrt'a er r(~I

-;;tivi ty heto )iy ra tj on reactions.-
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High Pressure Optical Cuvette

~I

I I' A

3-D View

I I

c b c

,vv, IL I

/ \

r a
Window Design

B Enlargement

Cross-section

A - bod, of hiqh pressure cuvette d - pressure entry port
(stainless steel) e - quartz (or plastic) window

B - bottom piece (stainless steel) f - window retainer
a - fluid cavity q - o-rinqs

b - observed fluid
c - observation window (3)
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III. LIPID ;:>Y

The ability o hiqh hy~rostatic iuressure to dinulace exortenous linici solu-

ble" slibstancesi frrom: plasmar --c-branes and thter-!by infl,.ence -memblrane transunort

is well known, :,irticularl,? in- the case of anesth etics. nur oxee riments with

1hutanol indiuced, ', --erneabi litv corroborate this. Tlowever, the use of' hi ;h

nressure as a fund!aiental too,(:l for investicatin:- 'in',' !)athwav qo' eon h

Todlay there is universal accaqptance that linid sol ubility plays an essen-

tial role in permeation of cell memb1ranes. :Iowever, there is continuing disnute

over the i-ole played by the :;iz(- of the eeonetr atinq moloculo, and how this is

to be accountedl for. Trliibli (117 1), for exar-,lo , nroposed that the micrat ion

of kinks down the acyl cha in of f-itry aci-Is could' account for tdiffusion of a

solute throuqh a li: il. -1- solute wouldi fit into th-e space providled bv thie

kink and rii'jrate it- the 1ijnk mli rationl rate. Various tve.e kink- are availu-tIhe

So that soiut- s which ,:ere too lar pe to fit. into tlit- vol-we-c provideo I by on.?

kink couldi fit into the, vol-ume created, tey avother tvm kink.Te w 2-ls

k inks- consideredi are tlio -,i 1 ink and tlhe next lareelst_,te2 ik n,

quasid-solid syn;ten, Tr~1ublo est-imate s the 2yl lkink vfulume to 5593 ,jhichj

we calculate to he 30-15 lroe In the fluid lbilavors of red co]l lind

1 rosrnmeS, the valie -will 1,o someT~what less;. A 2(.-2 1-ink w.ill have -t !ar vr

vol one1( than tile 2,q 1 kink- in iny lipid system anrd will prot~a blv he5 :re i d

2x voluime or a 2:ji k ink since the carbon is displaced one- unit in theo -i r;t

mid two) uni tf in the second.

Erpni rim ii ol~ -efmt restrictedI to corroittin(;OOq 1ilt' )t m

V~l.51'hav froi~, *ttenion onl the rrWfl em, of ieol-eul ar bi~ ut 1' ''

rou!;I- th m ;\,Iim l ijtional iinforitinn i; ne'. 'd(. Act v'atot cl.. el-,;)

1l,1/e 1,-v i hi 'wa 11-; iqht- tot theiy -t of t ,-t ii.;e- i n !1e :)z n c-lt qt

inutd, c m~ml1' -ma Peiis e'2. t t th;with! *to t'' o-
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the membrane and the changes it undergoes as it interacts with a permeating

solution. Thus, it is natural to turn to pressure studies. For example, if

the Trauble mechanism was responsible for transport through the lipid region

of RBC's, we might expect to see the activation volume quantized around spe-

cific values for transport processes through the lipid pathway.

A. Can Results on Artificial Bilayers be Extrapolated to the Red Cell?

One of the simplest means of probing a lipid bilayer is to study its

permeability to lipid soluble solutes such as the valinomycin-K+ (val-K+)

complex. The question of similarity between red cell and artificial lipid

membranes arises, for example, from the finding that the maximal val-K+ permea-

bility of the RBC is much lower than in artificial membranes. Is this due to

a lowered absorption of val-K+ into the membrane, or does it reflect a slower

transport rate across the membrane?

We approached this problem by measuring the transport volume of val-K+ in

the red cell and comparing it with similar data from liposomes. Figure 7 shows

a plot of our data taken over a range of 1 to 800 atm; the activation volume

calculated from this data is 40 ml/mole.

Using liposomes, Johnson and Miller (1975) found that regardless of com-

position, the activation volume for val-K+ transport was around 40 ml/mole in

the range 0-400 atm. The reaction volume for complexation of K+ with crown

ethers (compounds similar to valinomycin) in water is around 8 to 12 ml (Isaacs,

1981). Thus, it seems unlikely that transport of val-K+ is rate limited by

reactions at the membrane interface. Since the val-K+ complex is lipid soluble

and traverses the lipid pathway in the RBC, the identical activation volume

found in liposomes and red cells suggests of a similar if not identical trans-

port mechanism, at least for val-K+.

The Johnson Miller paper also reported an activation volume for both Na+

. . . . . ..... . . . . . . . I I III I I~lII I III I II I I ... . . .. . ' " "
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and + by them-rselves to he ai-omte, 20 ml/mole. The lirosoume Iata can l ho

internrotedi in ter-is of the Tr,'ltih1.e kink miodel (see a'bove) %'ghich prelricts thiat.

activation volumres %would be multioles of some unitary volu0 --- sa" 20 m1. Tf

the sxo tranfi;-ort 'techanisms wore ope-ra tin 3 in PIJC's a., in 1i7nos0:-t-s, wo shou2ll

findA s0:10 limi(1 .;0lUhlC SUIStance whose activation volune %,ioil! heo 10 -

IPm. 1 s Nat an,,! -, are not suitable because their teriniary diffusion path is

presocibOly associated with a protein portion of the Tmenhbrane. H~ow.ever, the

molecular n-Butanol which is lipi(I soluble was found1 to have an activation

volume of 20 nil/mole (7iure 2) in R13's for tracer diffusion throuch stack-ed

membranes over theo ranyo 0-12000 psi.

Thiis evidence suggests that the mechanis-, of transn'iort throuqh the li!oid

in IP00 s is the sc as transport in liposomes. Further, neccssary evidlence

rr-,inires th,.e corrosnonrcience of activation enerqlies an(! volumes for the two

sYnteI!s Cor several lipid solublo solutes.

3.Pro i-sro Diemendence of -nutanol Diffusion

In order to neasure the pressure. 6oc~nndence of the permeab-iility of a

rapidfly porrmeatiti3 solute, we h-ive use(' tw,.o tochn~iues . One involvced thie dIev l-

or'ment. of a hi-ih pressure stemmed( flow device w-,hich is describod below. Theo

othenr oXDel mit1"1 the d if fusion ccl um~ techn i ue i ntrodticei by PO.d od t al.1

11 7 1. ','h is l at ter miethod, a miod if icatinn of" a t chtii ii for diif fusion 'aue

nients in agar (jels lodveloped by Zcbailtz and Lan Ffror (1),,2 ) , at to:emt n to de huce

peri.eahi lit y Cot ff i-i en tS from bulk d1if fusion mozi nuremoetts throuqhi a iSse

tit)o n of pihlerythirocytes. Thoeor','throc',t es are Yec~d 1bv contrj _uei it ion

n Side oIyt0 u tubitj( and the cellI cc) 1 mn is puI: d t onte endl wit h1 l

:solute. ;Afttr diffusion has been prcoei(,in-j for severol hozars, t he d i ;t i i 1 tt i on

of 1-lbel al ttnq the colcr.,.n is moasureti 1y nountjl i cinq and count. i tot. Theo

l!it a if; .ii ,.dunder the,( a -;t!7tpion Or A dimu;io ioel with i-u1 oct'11 lIr
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and! extracellular nat-wavs. "lit! this method, tl'- cells can I-e exnos od to hig.

pressures for several hours while diffusion is taking olace over macroscomic

distances. Perturbations of the established concentration -)rofile are ne(Jli-

gible during the few minutes required to *epressurize the nystom and freeze tlo

Co 1 urn.

Results of an experimerit using this technique are illustrate.] in figure

The pressure dependence of butanol if fusion through stacked membranes appears

to le described by an activation volume of about 20m1/role.

Although there is insufficient ,data for reliable statistical estimates, it

is interesting to note that the two prohes (butanol and Val-K) for perreation

through the red cell lipid bilayer give activation volures th:at are rultio-nles

of 20il/mole in accordance with the results on artificial lipi(d bilayers and

the interpreatation given to Tra"uble's theory.

C. Develonrment of a High Pressure Zton-Flow

Realization of the goals outlined in this project lenends on the availa-

bility of precise methods that allow measurements over a larpe rance of -)ressurcs.

Unfortunately, conventional rapid mixing (e.g., by stop-flow) and samplinq

(e.g., centrifugation) techniques commonly used in cell phrysiology are not

applicable to high pressure work in their current form. Accorlingl\', we have

devoted a good deal of attention to the dIevelopnent of a high pressure stoziped-

flow apparatus.

This apparatus introduces twio important advances in hith pressure studlies:

1) Two fluils can be rapidly mixed and stoped for observation undler high

prossure. The entire irocess can be accomplished within millieconrs and with

no drom in pressure. 2) rany experiments can he performed repatediy an,! re-

producib]y in a iratter of minutes.

In our ap]ication, we photometrically ionitor chanfqen in red c-l1 volirie



prodoIIC--' hy .' o I(' r'one in thIit re d cell ' uextorni 1 en'.'i ranler. It. S' P

chanjos arte prcohIicel., by r.aoidly mixinoo a dilute bloo I cell soer.-icn wi!-h

finother -.olttion conta.ininj Irunjs andI/or a variet,,> of .'lcu.;. fter ix in

is :wchjevted, the f low ,11iich passe,; troud.!- a fanocn l 211:Construct -,,I hi .h prn"!; Ir.

otic21 osrvat ion :port, is sto'n!: i and! mesuormt are ta-zen.

'Th thor~:i.nd techni'l~ies for obta ininq a lar')7- a-aL),nt of p~~ro ara -eter

informiation fro'or turbaticm tvfle neasurom-ents have be(en %-ell worl".ed out( ae

11)723) . OUr innovat ion 211005w thes;e ri.-asureeents to !-., done over a 1:ircv i'resrsure

ranje. "'ho use OF Co~ll voluco- chanios to neo,.r- permei1-ilitv is not restricted-

to solut(es that are trans-rorted1 via the lii n athwa,,v; it is cenual lt;jo in

measurironts, of* :)l solutes- aver either c.-rrier eatdor clha-nnel ,aths!, is

in theoe of wate r transport (see below).

With a si:rnule .23atatinn, an observation rort contairzinu, a condluct ivity

probe, is oot lv put in th- mixed flow. rn princ iple this oldalso wocrzz for

other transd,,ucers. thno :A0411 Fications at all, thiis arnarntus C,1: ~e u!7-o to

Stod-y rapidI enzyz-'. kim.-tics ho,, spectrophoto'etric pet)s htails (-'I the . v1

are dcre!in the following re2print.



High pressure stopped-flow npparatus for the rapid
mixing and subsequent study of two fluid~s under high
hydrostatic pressures

Daniel M. Karan arid Robert 1. Macey

k iRcci, ed 24 Stpt ic I 1171) 1'"'1 pII iii' i r 2 Ntj_' % I 1x)

A stoppecd-flow apparaltus is described for tile rapid irixirc arnd ,u~-1 :.iiudv of two
dissimilar- ffirdki!lunder press.ures ulp to 1 2(X) bar. The dec ice conrsists of t %o ideri rel pressiure
chaM~berS %% 1ILLh C0rtairt tile two flulids, a thir-d p~rcssrre Cliarrrb1,Cr %%wIch contrtins g~s til miair

thle presCsure inl the svstein an optical port for phiotoretinc Obser atrloll. inl var ious ColliiectIiolis.

The des ice Im s been uised It) ieasri r reactiron t imes onl t~l 1woderoaliii r1,1i r ed ihsCCOri d, ito tellis

Of secollds, lisilrra a illaxinlili of 2 til of' each reagent per empcirniental deteriinriatioir. [lie dcad

lttme is 1 01,ird t0 be 5-25 ins with miniuni average flow )eiricities of 2.0 i 1 s. Thre construction anrd

operatrio if r he dei ce are described arid exa illp~es of wateri iinsport dia a i redL hi 014d cells an d

the bromtoplieiro~bltic indicated chemical reaiction of NallCO1 anid IiCI un11der preSSure17 ate

p resetted.

PIACS irurunbers: 07.35. + kt, S2.40. - g, 07.00.Dq

INTRO DUCT ION beenl mod,1iied to take t\. 0 BUii~r ''0' ilrrc'N ill PLIac of1 tile

It ,%w, asItrote t1i;111 forts s ears ago tlr: it Rorrr~rtoil' fir-st sie 'rrigclsio iiiFg..Ilepioirii-

lised a stopped-flow -leto f Or ie t'~i mi\iW _ of is to cj lis ..\ dl: nb issr rol the~~lj-jjl t\\ i 111k: [ljfs ( 22

sepinrtefuds ;lnd thle suibseqIuent studyV o sit a ntini md thle cas-butfer clirrier 141 (,ee Flu. 2). to thre fluid
Mi icln was coripiete onl thle order of' seconds. Thie

metod 515per etes 1wII.~il~irce a ew ear I in tireiipiper chat~iriber. s lInchl inl Tile opcr lalroir of tie dece 1

tin reaetirnn firtes of' a feuxv nijiiseconiis. Furtiw. id I ief is e\p)ciled underI preCsur. Ifthe11 flulid 11 aL supei-C1

v~ilcemeiilt led to tile EGil-soln-Dillurrin anid tile Bcl_1 "loir (e.g., ted b0lodCefisi. at d1mf 1Vr Istnbuti 1'. fTrtiiti-
rairresi be inecarrs oif.irdrei stir b;tl (9) xlii Ounidesi Ib

appur~use. wth ornrncreciarl developuierilt to kin'i-

stopped-flow eufiripinerit and tecltisiuelis \%nII .r rbhl. a ~igni I (10.lrgidrngseci itop-

Until thre jpneserit. lt n ly inlteisixe thecrnrodvrrarrric barl ti liie pson tees1l t-ire ricc:Jo t

ha bct te einernr '.['le puinp.ose. of tisl, pPPi 1 tr-asef. [h le r'otatinig niagirectic field is pi ox ifcd 1'\ four

descibe a, stopped-flow% rppinamtus x hric h we hnave biini ft cililcs( 1 kt \C~ikiP ics(2

aind are using inl outli iorly for-tihe phlotolruetr-ic stlride

of, telctIioi at pr11IIessr ti t o 1 200 bar I. 'IIIri Snlew% in1-
novation alllows, thle itroduction of presstire as a frinlo- 6

fl idr~rrcVariableC inl fa *st rctlCions1 reqIiringL rap1id

1. APPARATUS CONSTRUCTION2

irt I shtosss s ltails of- c irliber 10I i he hi~m
pressure stoppeul-fluiw deikc ilrisuiated inl schitraltic 7 ~
30.1$ stiless steel rtracliires ito a smooth bore with inl-

tirsiintr3.,8 cim. uiteri uiamleter- 7.38 ciii and l166

crin iii length. *1line end capls 131 are fmrclririeu Iiin 30-4I
stainiess ste,-1 to fit t ie bor e oft lie clhrner wit h (1(08 rn

ilnaxinirtint clerrrrrie. 'Ilie pressurec sealf is plikilesl fy a
Bniim "o riiru'. (4). '1lie crtin v into thcencd cap) (5t is

1rirrlieul Io take tire sturislnu 0,0S cii high pressure 1
Colic filtingc. 'Ilie coverl 1(. irlehilreu l tori 4 1 -healds-42
adlur steel, screw~s dlnnisi over- thle bodly ald holds flre 5-YCM

Cap ilt p~ie
lTre ililitorofilre chltuiueis sepalmited into twocsorr m

piar trlerts by~ a slidirng piton (7) rrmrde of PVC pl ustic 1-. ur.s''erla 1.1 OW~ 11 "11. !Al

with a lfiilk IU iris seal is). ( Note: thek pistunirs brie v %Inh Ii lit, ic 4i1i.1 't

10-t2 11ev. %i. instrurm irAtictn. 1mnaO 0034 674SI SOi nrninii?OISiiO GOi 19nR Amvi~ca on rnsritd of Ptnysrc 1042
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IV. WATER TRANSPORT

Results using the high pressure stopped-flow which show the pressure depen-

dence of osmotic water permeability is illustrated in figure 9. The calculated

activation volume is very small amounting to about 0.71 ml/mol. This is similar

to the activation volume for water viscosity which ranges between 0.16 to

1.4ml/mol over the pressure range of 0 to 10kbar. The activation energy of

osmotic permeability is also similar to activation energy of viscous flow, as

are the perturbation effects introduced by mixing water the D20. Thus the

properties of osmotic transport through red cells are predictable from the

transport properties of pure water.

These results support the notion that osmotic flow in normal red cells

takes place primarily through water-filled channels. The small activation

volume does not support Tr~uble's original kink hypothesis for water transport

in red cells. However, when the ostmotic channels are inhibited by PCMBS

(parachloromercuribenzene sulfonate), preliminary results suggest that this

is no longer the case; activation volumes become increasingly larger, reflecting

the contribution of the lipid path.

Properties of D20 transport through red cell membranes alluded to above

are described in the following reprintt. They support the notion that the

frictional forces encountered by bulk transport of water through channels are

similar to corresponding forces in pure water.
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tile.-Igl of' e-xpl iIInt-t. Given1 these ciretimi-
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* by the fiact, that their rnislreliits oll walter down and wie-.ht-d two ii" uh--aunt. On' li-il..-

penetration were basetd on hiill 'vsis toot-cs. Ilt wals \%asled withl nt it.D ),0 it l !I gu
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-%i from iol ....1(i ent., detrnintin,, at 25' C. fr donhrA r5 he DO iu rnhrbiitie are adj a.,d

11. It) s 0t. 35 I - 01 S.E.) 1  sM'Ic. This The NIA. re-sult, shown in Vipulre 3. i.s the(
compares fa1vorabhi V ith previous tleteiiina- tittit' course of' PI'IIS inhibloition of' water

lions fr li and other Jahorlories (Farnner tr-atisflirt for- 1)0 antd If10. The ihilohiti
antd Maicev., 'I()). kinet c.S are slower in 1)Do than in lhO, per-

At 25CI, l{''l , is ctui.iteiitly abotut 2fY* ha. l(is ile to isotope or solvetit effects mn thle
l ower Ii 1),) 0 ia 0 in I 10. Th is difference PIB , lI site binrd ingp reaictioii. Rc;g;i rd less of'
Co rtesjli ntl to Vi sCosit%- difflrences of' the two the hintding kinetics. t he flernieai lit v to I) .

il eitil e re-sul t cold bt e eXp)lined Si Ipl )V inl PIB t 15 rat c cells ii pea is to a sv ymipt i-
if' RTI., was in llverse ly proliort iinll to SOl Vent Ina t icallIv iapproa ch thie liitingp pt'rtnieabhilit
vtsciistv; I.e., we "Is.otlt fibutid liii It) inl l'tMBiS treated cells. Since

wvaler is colitaisteti to mover through t li- 1 i id

R11~ l) 1 .0~ -1'I1~1 portion of' P'(X113 treated red culls I M~icey et
1t 1) D,01 ;if., '72), twol aispets oIf this tratnsliltt liet'ont

whiere to lit) atnd tO I )~( ar buin k i sCos*iltie ;50Il)(treiit from11 thle a(ti5' Ittic si milarityx ill
ofl Ii .t and I) "0, res pectivvlv. To test th is, we F'i prre 3: lie li' er(ih ifit v of the li pild poirtion

too k adlvan tage of (te dependence oif viscosity 0f' tile it'd cel Ilull) Ihra ne is about11 thle silme
onl temperature as foillows: First we detcr- for D20 anId lit.), Mit tilet mlechanismn oI Irains-
01illed tile telitpe rat ti Ie d(eendencre of RTL, piort I throtugh thlit lipid mnust he independent of
Ill~I (data in ll hle I I and( fonI 11tiat. ovter tile viscosity tif 1)(0 antd 11.0,
tilt'- Ii Il tvid tem periltutre ra nge ava(ilabl (iiIto 115(S"t)
'1("'1,01:01 ) varietd linearly with tviiiperauritt. IU1So

A least- sqrrts fit of tile doat 1 Showed 'Iii 01 iltiol C 63) hai(s otl ined'( soto e iif thle

Ft'1'I m, 110 .01r -. 275 (1 rte pjrticesses ar ic otared rl in )O aind Hi -J).
'iTese aIrise. at. least Inl partI, fromifite consiti-

1t' reliationi (2A is subistititted intto (1), together etahle iiht'iit''e Ii tue 1)) iit -0 nd 1. ioni,.a-

with tiiijirit':t data relaf ting ill 11,0) and1( tull 'onstanits. I Fot' exaimple,. "Olten if) - jil.
il11),0) to T I llisiiii '631" then, we titain p~l) pOill. F'ortutnatelfy, il ottr case douse
the predlictiotns t' IC'I,Ol a (1 (if'rition oif tliffiirtltiis aite Iliilinizt't byv tit' fact Ithat thet
tempitlin re thai~t arte ilist fatet ill I'ipoi'e 2. tinofir pi'rnitlabilit ,v of liii tells is intserisit i i
tUliarl-v all if our da(11( can he piretditctetd hy this ft Jill (IRich e't al., '68; lt'e Chief pil artit, ,ict ill

iiiil'scaling jiroctr''l. TIhis niew finition tismoitic permeab(ii Iiliti'utrtn 11(11titis prolialY
desc-rihiiig th Ionslititir retsponse of the re'd cell ;irises From ))If de'penden'it shiffs inl crll i to-

in I),0 is jireditte(i frn ft'e I1.0 data solely nlit'. Thus thei iitft'ritrai frol aidjutingtt loll
[IV vi scoiityl di llie .'enst'iiii. No othetr qital- for Il) shiould e'nsure that celli volitine is tilit'
itu-s of'D1)0 (i~e., 'etitcetl nitiifv lower ionic sa.imi' inl iiitii solvents. We' ha'e foutillivg I A
l'iilituttiCt, etc.) aIre liiessalury tio expilaini thle that1 ei-viti thet e'xternali Ilitiiiliitio ie
louwer pe'rmieabil ity toi D,0. tesutlts in ctell voliitilt-vs andl tisinti i dead



212 1JAN11-.!.M. KARIM. AND)t ROBERTI. M..%(k:Y

0,

010 20 30 40
T,-SPURArURE- (OC)

1- ~2. f)i. 1iir ir tor IlLI ), 0, i t d i ffere itt t errririt r tire st ~k en fro it, i Tilh I I , h i ,nr i j t r IC Vtl 1
reirT-erit. ai 11r-firt Ilisd donor. a rid ivich puoi it is tire averagie (if mnin v ex pri ruviaIrr run, T?.. id, .o to,

the t ireutc,, predicrtionri,-d il tire 1ff! , ,) data (See iResls. All 11,C) pi-rmaIlt itos ire nittntiatied
Wi unity it 25 C.

1-3I

I: '~2

*. 0.0

0% 0 L~

020 40 60 s0
TIME (min)

Fig. I. VIFIO inhribitin of l),( ojre circlist inn 11,0 Isoll! ciriit I rtrn-;iot lis fottnirft i,m The
Ve~rtical tris Ns tire ririersp 1(1tr Consitanrt Isi-i -. Wichii ijs rorrtini toiri. Entl Itl daitit pit rejir-, tits: one

exlirirntai nin. 115!ItS croncentrtion, is 2 iriS! liresursrisrmorr aiid jilp-coo iiiridin ive oneyr rit, [ li t hr KCi
reiirce1 by suicriose to prrevenit ctiii swellirng.



DEVIE It I I'M Oxf D E IICICNV I, I I I I 111 ') HED V LIA.S

s I I I kv, 1. It :1 re I( It' I It 1c, I I It I I ot 11 D J ) arld I I J I, Wt I I'd 1111%k lol i 11:11-d J)IIVYO (11,11-0 Ini'dt-I

a Il'i w I, I I . I % I - 1 *1 , I I , %% I , I I tlll pract lcv I Th I:; if ;itor. I It- !*. - j Ild 11 li:lt 1114, 1 jrln;l I Ippl :,-,it loll

-- lit ... M flot I?(. llll llltc? pl-vtod to )IIII)l . I h;it I lit- it 11 (,if I I It -'s (., I if ; 111, .11 N le ;I I:i(, I I-

- 'Will 1, t4flimilt-t "(I. ( )II I he Cow 1'.11 v, ,if ;J, Ill- ca 1(-Ijl;il loll" tilt r I Ji t he

I flv v colldj I t I If, criormoit, I )tit 1'em il, ca- III( d rl, if I ; it, do'Ut 1 1, of t I 'Ill'Iti it I. doc, not YCIVIll-
pilclt.v of llclllio jolll n " I I I clallil, I. lit- Inti'l. n;I I ble I -if I k % I L'Oll I tit IA.
Ill I to ;I Olflltsillt VAIM' t MiliCk' V Vt if.. ' I S I illd It 1, A'o I litt-1 "I lw , to liolt. t 11.1t 'A itel,

tho Ill ccllct. ol,:111111wilt I I I cli'll re vxt ri I v-I I I( I rd to t !it, Il'i I I , I%% ( li'l I I !lck of t :' I . I I I i I -

; I II if I I I t I. ; I k. it, I I if I it I. I I I I Ill c I I I I I I I I I I g I. -i ( I I I I I I I I I I 2 A I , I I I I t I - I , I I t I " -, I r , to I , I I I I I I I .I r

t Ilroligh blvarboll'ite L-11 1, xidt, exch'Inge. t it lilt I k %% I rci Vol -x.imple. fit Tv
-(I I, k I t I I * 7 5 how I, -I 11 c 11 (1 if c I I % it% lhlwl ,,h tho ;,f'.iIlliL'I1llII P.M .

fill dI(fkI;,fIcv Ill tilt. clutvr i ill cic-ied 1, % ;O-ul 21l', lhe ,wiv lit-

vhl tvr dl -u thution. or 11 Ndrlq vn liolid M"O dv( ;I lol c'.lIiItl(tl% -

bet %% .-vil I it fill 11.( ) I (I I IV(. 01111 Ioll. Y)wY It.% I II I'l I.(. - I kit Ii Ili VI it ki-I -t. -111 1 hu- tilt-

to(Illd t it(. t o I I(Ill l(k to be t t.tl( I if rd I v 'Jult'. JiloAlont dep-lilli'llck. of' 4 Ill % I , -

sillul.11'. Thil" it I, Ill filld tilt' CI-11 CO-it. V IIA' Illolt' 01;111 "lit' tAI)LtII-Itl(IIl ifid docs

vollillie jild o'll.ol ic dt. 'kl Iikcv ark, the saille not llvcv -,I I I I % IIIII)l N lillullial Ilo%%

fit the Iw o In tit"ited ct-11, %%Iwle

of, the r'-d cf-il becil coll-tililled to tI*.Ivr-(, dic fillid p till-

tit OA 'kild If.,() %Nrrv dolic IY % I-CIM , floX I 1111 IWIL Cl lilt' 111"LlIAM -111

I"Irl"tri t*:i, ,, kiid Biook, '35,. Tlitir t,,timates (it tr;m pott '['fit, I, myl % -rt if tiorn Ow 12
b'k-d ('11 hl'llillk l 11111- . hom a 21 : kc;kl mol,- ict I% iii,,n t,,i If.()
o 11, dccfea v Ili I".1 mr.thilit of'Olf. ri'd vvil Ill I ( , % I I " S I vc, I I I -d c( -I 1 1, 11 1 .N ef .I I

6 11' 1 H ) 011111 1.11 I'd ill I I , ( ) V\ (-it I It, olf h t he Th I I I 1,: 11 Act 1% tl 1( -11 kll.,l * 11111d:v- I hat al-

I-vp I to -if l IL". tot I Ill- vl colt \ of, I ) .( I, i%,,, lllo f IH the I).% ill ,_ojj hond, irv 1 -1 ikcn In Ifiv

ill I ho-v (1.(.\ liml nwre recefif Iv re- I rin'llorl ill ,, I-.,- I firooJ) I liv 111 id, \% 11 it li Ill

1, v, I i I t , t I I I , t " I I -, I I C I I I I I I g 1 1 o turn t cxl t I

c\plim Illi. Ill jwllII(-.Ib:ltt . tit Ill-;kk' I lit. 1 11) it I moll I \

I I, I I, I '.It p.il -11!.:: 1-tvil - hm cr mo- Till- l1wi-ii.I111,111 (of tI.Illport thnkl :h hpoi

loill " I I , I..., lh m ll.(), tccoklfll tor \%ould lle.il If .4 ) 'ind D_,()

tit.- I I-A-1 I'l ,JIIC% \\ I- 11. l', V 11 M 11( 1 I-V 1111 Odo'l 11 SI 1101 \ I T fit I h fill!'. if Lint it Ild

tok 11 if 111 1- t ll;kt ! he lowl-1, of [lot-- Illcv I ill- If ill )"cn 1), fill g y is M aNY

III'l I I I crl I I I It 0 1, due solk-ly to) the Idt-111 it 'IL

\ I - - I, I , I A

'I I li. I It It I , q I 1 11, It I - I It Ol ic fio% till - Itw , If vull 1 0 1. 1 I'l "Il., if I lit- Ill, i(i pol I lo ll III t lic r, I

Ilivnihi :mv, , I it t I I III I I I I % I , I. " - I N. I , r, 11), 111( in , I I I- I I lilt -ill h I%( fic 1, ;I I I ) I I . t I C. I I I .\ appi I c 4

to, % I,, t I t v I , w it I I f i c I I I r I \ I I I , l%- I I , ex I ,111 i I I Ill- r I I I it t I -r in

I wl ?I lit- 1 .11, it i'tt ('111" "t tit(' "'ImN 111 -11 t flore I It, , I I pill pol I ;";) fit t )w Invild'i lit-

It I I t I , , , l 1. .I I I , , I I , I ; " . I I I, I I , (I I, I 111111 , i I ; I ! .(1 1,% k iiw t I,,, ,t' in h ih ition ilk, Io%\--r ;if I i (

I (Io'l it , I h.1 I 1 )1:11 t ho oct I .11 [,)If fill.11 I I .111,port I ;Ite 'ipp-.11 - 1111.111 , k I-I N I I I \
VII.-I i It-:- lot- I ... 'kild litill, % t-volh 11 m t. of Imilk-1, lot- 11 t t lllokl : it It,, 111.16 1, i. ,I

vq J. 11 Inw il I I it, Io .111d I If 1) -11 - I t I , , I . I I , T 111 , I - I ; I % I I it . -I I I , 1.1 '1 . -I i I I I I . I I 1 1, , I t I I t 1w ild , :I lit-

'(wil Ill I lit- 111 -1 Ild I . I I m(lopcildvill of F \ I,(*, it v tit %% ki i ( it I lic-e. I If,- k ink" ii , i,-f
I Vwlf I I-I il , , Thc I I.,ult , I -I' (lilt- It.11i"I 1, I'l.1til'ic -'71 - 1, \ % it 11 1 , t ; % I .
Ivild ti 1. 1 it 1, .11. 11 1 If p wt - t 111, it, ", 14 Oil I - (lilt- III I I , I Ilild it- I t v Tit I Mod" I . % li.- r ..

c% er, I lit- I,, [lot I litt-IIIII (I lo Inild % t ll it %\ ;It or "k fit k " I cmlit.\ oi kil I Lt. It .\ I
he I-f-d k I Ill. -fill-[ .1114, 111 a ch.till, In I I it, hp(d Ill''Iet iii ould I m ;,,it I

c , it I ( I I I I I I I I I I I I ; I I I . A I -I , I I (.k . F \ I ( , r I ? 11, -11 t , I I I I, I ) mid I I A ) .11 1 )it- .mle 1 .11 1. 11) i1c, 1 -1

vi. Idefict. I In f,[(,l , tit I lit, colit I ;it-% Tilk. I"(. %,% If It I I I, - vvlllt 0, 1. mod WI- if . d' Illg f lit

ol, I liv (.;Ill 111. itt-d 4..ikli\ I I.-fit liore I is loo t I wr \%,If k , I I - I I I IIwII I I % I, I I -- t . I I I v I I I - - i I I I . ,

slimll (4) Ill- ( orll ,tcflt %% (Ill tiff, Ill to I.% '1111;lIt. tilt, validitY of tilt- ' kitik model of
it ,11*0 'S Cotit Illimill :1, %%'-If 'r, the Ilbsel-k-i'd tranplwt,
em-III'lorl Ill .Ill;ijl poljr nolli-I.-I Iloktlll from

t I I I - w; I t I. r v I I ; I I I I I I -I , I F.II MIT 'Itld Mat-ev ";Of.

Tll] , pfold.-Ill of IIdT';Ilj1lc Ili,\% Ill :11 111:11loW A('KNo,,%I I II,,MI Nl ,

4.11.11111,11 1:1 2 1% 1 I-flu-1 \%,I,. llllll4..l In Ell-1.111 Thi , ro.. -.It 11 \% I" -111y"T I...1 k f 4 Nil,

bv I (.\ III I -;A I I "'I ll 4.11 i,,t ic.d nit-ch.m ic.0 Ni% d R-, I If #NIAI(ll C

IlIctillok I'Monte C.Irloj, lit- calculatud till, NN-101 I ,S iid NIN (;i ml #( ;M 1 - I!l if



214 DANIEL. N KARAN AND) ROBlE~RI MIE'z

LITrERA~TURE CITE:D if witir ch.infli tit li~ttiin rod nt-i- Itt

CoNo- NVrk. %*il .1,1 fp .I Wi

ili'iti-riiiii (tute ( heavy water). J1. C'ell. Conip. Ihysmi., Sihirt ni 19i1 >trio- 'it h-- Ii tiiAl III I -
7: 163 1 -,1. "1kNI .I III r pi p. It". 1. -1 1ii -it uno *.. 1"~.)

Fa.rmer. It 1,! . adi It 1. NI~ct-Y 147 1 Ilirturitw d (Iwn ;,9 2 6
rtii coiluinuniv e.itificaitii ut' iisnwtic flow Blitii. Parrj it A hK , I 1 , Ti im.., I,, !: 1. 4 , it.,m

Bwp hvs. Acta, 196. 53 65 ;it t-nt ii t,- It., ot.,., ,,si- ;i at--r J1 I
Fmnki-i. A 1974t Aquemiis por-sv i;ii in thin ("'imp Ph" ,' 7ii F' .11;2

lipi itilrliiit- by tile aitilt.i ca~atn apiiitiin- It . I It I h. o i,. A 11:mdJ.. o A iK

C.illiiiiliain. ed. University lark Pre-o, Ba~ltiniini, pp :_2 911 951I
2411 250. Si-iin.~ A 1K IiihaN, ChI,,rait-ru,itiit 4 hi , gi

Levitt. 1RC. i 19731 Kinetics of' ifiwin anid rcoi-ectiiin ii.-miirincs 1,lv eqiiuiii-nt piorn. J (i-ui li'i

M.iriv ' ,IT 19741 Tt-inoit icross sitile hiliigicii Tiii11iti. F , l4iiS Ef~igi lecto If Do
1
,itilantt

jniitbrinis. lit Slemiirne Itioai,.rt in Bllii) G I ii- lTheNi M lti iiin. Ni-, i T
Iii,clt, It C. lToti-siti and 11.11. thing. eds. Spingr- j'riihli. 11 197 1. 'lii, n io, ito-nt if rid-ciili-
Vi-rLi, Bei-n, Vo)l 2, pp1 . 1-57. iipiid utiitilian- A3 mo~lietular thu-an- J. Mitt1 lizK

!i~re, ~ .. 15Adainexitl KW1 nne i097'- IrNthiitix' .1 1931- 20Ai
memtbrinerI tenii-rtttlo-terittii by ht~iri:- iiin diotri. Viv-ru, F.1. . It t SLaa tit. and A K S Iw n i ,ii I I i I h.-

Nicey, I, D.M. Knin., and IU:l L Fanner i 19721roo n1.uuui (;,.- Ph-i .5. .1ri



LN ( PERM '< P 7 F'ERM ( Ej) )
I I

o c-

'-,3

0

00

C TJ. -.,-

.

F-".
o 4

00J



33

REFERENCES

Caswell, A.H. J. Membr. Biol. 7:345-364, 1972.

Cuddeback, , Koeller, R.L. and Dricklamer, H.G. J. Chem. Phys. 21:589, 1953.

Cutter, W.G., McMickle, R.H., Webb, W. and Shiessler, R.W. J. Chem. Physiol.

29:727-740, 1958.

Diamond, J.M. and Wright, E.M. Ann. Rev. Physiol. 31:581-646, 1969.

Drost-Hansen, W. Symp. Soc. Exptl. Biol. 26:61-101, 1972.

Hallett, M., Scineider, A.S. and Carbone, E. J. Membr. Biol. 10:31-44, 1972.

Isaacs, N.S. Liquid Phase High Pressure Chemistry, John Wiley & Sons:New York,

1981.

Johnson, S.M., Miller, K.W. and Bangham, A.D. Biochim. Biophys. Acta 307:42-

57, 1973.

Johnson, S.M. and Miller, K.W. Biochin. Biophys. Acta 375:286-291, 1975.

Low, V.L. and Ferreira, H.G. The effect of Ca on the K permeability of red

cells. In: Membrane Transport in Red Cells (ed: J. Clive Ellory and V.L.

Lew), Academic Press, New York, 1977. pp. 93-100.

Macey, R.I. Transport of water and nonelectrolytes across red cell membranes.

In: Membrane Transport in Biology, Vol. II (ed: G. Giebisch, D.C. TosLeson

and 1.11. Ussing), Springer-Verlag, New York, 1979. PP. 1-57

"4acey, R.I., Karan, D.M. and Farmer, R.L. Properties of water channels in human

red cells. In: Biomeinbranes, Vol. 3 (ed: F. Kreuzer and J.F.G. Slegers),

Plenum, New York, 1972. pp. 331-340.

Mikkelson, R.B. and Wallach, D.F.H. Biochin. Biophys. Acta 363:121'-1218, 1174.

Parp;irt, A. an( Green, J.W. J. Cell Comp. Physiol. 38:347-360, 1951.

Podoi'ky, R.J. J. Physiol. 132:38P-39P, 1956.

Redwood, W.R., Ral, E. and Morales, M. Biochemistry 4:1959-1165, 1965.

Schantz, E.J. ind LTluffer, M.A. BinchemLstry 4:658, 1962.



34

Tolberg, A.B. and Macey, R.I. J. Cell Physiol. 79: 43-52, 1972

Trrauble, H. J. Membr. Biol. 4:193, 1971.



DATE

I-L M E


